Iron is believed to contribute to the process of cell damage and death resulting from ischemic and trau matic insults by catalyzing the oxidation of protein and lipids. Exposure of cultured rat hippocampal neurons to iron (FeS04) caused a dose-dependent reduction in neu ronal survival, which was potentiated by ascorbate. Dam age to neurons was associated with a significant level of oxygen radical in the culture medium. The iron chelator desferal prevented both the neuronal degeneration caused by FeS04 and the production of oxygen radical, demon strating that ionic iron was responsible for the cell dam age. Iron neurotoxicity was associated with an elevation of [Ca2 +]j and was attenuated by NMDA receptor antag onists. Since recent findings demonstrated neuroprotec-
tive effects of growth factors in cell culture and in vivo models of ischemia, we examined the effects of growth factors on iron-induced damage. Basic fibroblast growth factor (bFGF), nerve growth factor (NGF), and insulin like growth factors (IGF-I and IGF-II) each protected neurons against iron-induced damage. Both rat hippo campal and human cortical neurons were protected by these growth factors. Taken together, the data suggest that the neuroprotective effects of growth factors against excitotoxic/ischemic insults may result, in part, from a prevention or attenuation of oxidative damage. Key Words: Calcium-Desferal-Free radical-Glutamate Insulin-like growth factor-Ischemia-Nerve growth fac tor.
the initiation and catalytic propagation of neuronal damage that occurs in stroke and traumatic brain injury (Willmore and Rubin, 1982; Halliwell and Gutteridge, 1986) . In order to cause damage, iron must be present in ionic form (Fe2+, ferrous; Fe3+, ferric). Fe3 + can initiate cell damage only in the presence of a reducing agent such as superoxide, which is generated by the reaction of xanthine ox idase with xanthine or hypoxanthine (Halliwell, 1987) . Oxygen free radicals may also arise from pro duction in the mitochondria, autooxidation of cate cholamines, and the arachidonic acid cascade (Ikeda and Long, 1990) . Ascorbate is also able to reduce Fe3 + , apparently by a mechanism indepen dent of O 2 - (Bucher et aI., 1983) . Preceding and accompanying free radical formation in ischemic/ traumatic conditions is a loss of cellular calcium homeostasis (Siesj6 and Bengston, 1989) . Consider able data indicate that ischemic conditions result in overactivation of excitatory amino acid receptors, leading to sustained elevations of [Ca2+]j (Rothman and Olney, 1986; Choi, 1988; Mattson et aI., 1988; Cheng and Mattson, 1992a) . A high [Ca2+]j can cause structural damage and cell death by several mechanisms including overactivation of kinases and proteases (Mattson, 1992) .
Brain cells (both neurons and glia) produce a number of growth factors that can promote neurite outgrowth and cell survival. For example, nerve growth factor (NGF) promotes cell survival and neurotransmitter synthesis in septal cholinergic neurons (Hefti et aI., 1984) . NGF can protect neu rons against hypoglycemic/excitotoxic damage in hippocampal and cortical cell cultures (Cheng and Mattson, 1991) , and may also protect against isch emic damage in vivo (Shigeno et aI., 1991) . In ad dition to NGF, other growth fa ctors may play neu roprotective roles. Thus, basic fibroblast growth factor (bFGF) can protect cultured hippocampal neurons against excitatory amino acid toxicity (Mattson et aI., 1989; Mattson and Rychlik, 1990a) , hypoglycemia (Cheng and Mattson, 1991) , and hyp oxia (Mattson and Cheng, 1992) . bFGF also pro tected against hypoxic/ischemic brain damage in neonatal rats (Knozaki et aI., 1993) .
Insulin-like growth fa ctors (IGF-I and IGF-II) have also proven to be effective in reducing isch emic neuronal damage in vitro (Cheng and Mattson, 1992a ) and in vivo (Gluckman et aI., 1992) . The mechanisms whereby growth fa ctors protect neu rons fr om ischemic damage are not clear although recent data suggest that a "stabilization" of neuro nal calcium homeostasis may be a general action of neuroprotective growth factors (Mattson and Cheng, 1992) . Thus, bFGF, NGF, and IGFs all pre vented the sustained elevations of [Ca2+]j that me diated excitotoxic/ischemic damage (Mattson et aI., 1989; Mattson, 1991, 1992a) . Possible beneficial effects of growth factors on mitochon drial fu nction have also been proposed (Mattson et aI., 1993) . In addition, a recent report indicated that NGF can prevent the reduction in brain catalase and glutathione peroxidase levels that otherwise oc curs during aging (Nistico et aI., 1992) . Since metal induced fr ee radical fo rmation and protein oxida tion may contribute to neuronal damage in isch emia, we tested the hypothesis that growth fa ctors could protect neurons against damage caused by exposure to iron.
MATERIALS AND METHODS

Cell cultures
The methods for culturing embryonic rat hippocampal or cortical cells were similar to those of . Briefly, rat hippocampi or cortices were obtained from 18 day Sprague-Dawley fetuses and incu bated for 15 min in a solution of 2 mg/ml of trypsin in Ca2+ -and Mg2+ -free Hank's balanced salt solution (HBSS; Gibco) buffered with 10 mM HEPES. The tissue was then rinsed once in HBSS, exposed for 2 min to soybean trypsin inhibitor (1 mg/ml in HBSS), and rinsed in HBSS. Cells were dissociated by trituration and were distributed to polylysine-coated plastic culture dishes (Corning) for cell survival studies or to polyethylene imine-coated glass-bottom dishes (MatTek, Inc.) for cal cium imaging studies. At the time of plating, the culture dishes contained 2 ml of Eagle's minimum essential me dium (Gibco) buffered with 10 mM sodium bicarbonate and supplemented with fetal bovine serum (10%, v/v; Sigma), 2 mM L-glutamine, 20 mM KCI, 1 mM pyruvate, and 2a-40 mM glucose. After a 3-5 h period to allow cell attachment, the original medium was removed and re placed with 0.8 ml of medium of the same composition. The cell density was 80-120 cells/mm2 of culture surface. Cultures were maintained at 37°C in a 6% C0 2 /94% room air-humidified incubator. All experiments were done in 7-15-day-old cultures. Methods for obtaining and cultur ing fetal human cerebral cortical cells were identical to those previously reported (Mattson and Rychlik, 1990b) .
Assessment of neuronal survival
As in our past studies, neuronal damage was assessed by morphological criteria that correlate well with vital dye staining methods (Mattson et aI., 1988; Cheng and Mattson, 1991) . Briefly, cultures were visualized and photographed with a phase-contrast Nikon Diaphot in verted microscope. Viable neurons had neurites that were uniform in diameter and smooth in appearance, and so mata that were normally smooth and round to oval in shape. In degenerating nonviable neurons, neurites were fragmented and beaded, and the soma was rough, swol len, vacuolated, and irregular in shape. Subsequent to these morphological changes, the degenerated neurons detached from the culture substrate. Viable neurons in premarked culture regions (four regions of -1 mm21 culture) were counted immediately prior to and at time points following exposure to experimental treatments. Methods for statistical comparisons are indicated in the figure legends.
Experimental treatments
FeS04, ascorbate, desferal, AP V, DGG and glutamate (Sigma), and CNQX (Tocris Neuramin) were prepared as 100-1,000X concentrated stocks in saline. Calcium deficient medium consisted of HBSS lacking added cal cium and containing 1 mM EGTA, 1 mM MgCI 2 , and 10 mM glucose; cells were washed three times with the cal cium-deficient medium immediately prior to addition of iron. Growth factors were added to cultures 24 h prior to the addition of iron. NGF (2.5 S from mouse submaxillary glands), bFGF (recombinant bovine basic FGF), IGF-II (human recombinant), and epidermal growth factor (EGF) (from mouse submaxillary glands) were from Boeh ringer Mannheim.
Salicylate hydroxylation assay
Oxygen radical production by cultured cells was deter mined by measuring the production of 2,3-and 2,5dihydroxybenzoic acid (DHBA) in culture medium using an electrochemical procedure previously described (Floyd et aI., 1986) . Sodium salicylate (substrate) was added to cultures at a final concentration of 10 mg/mi. Each of the DHBAs was quantified with respect to the level of salicylate in the same sample. Salicylate was mea-sured using fluorescence spectroscopy (300 nm excitation and 412 nm emission).
Fura-2 measurements of intraneuronal calcium levels
Procedures for fluorescence ratio imaging of the cal cium indicator dye fura-2 were similar to those of our past work (Mattson et al., 1989; Mattson, 1991, 1992) . Briefly, the cells were loaded at 37°C for 40 min with 4 IJ-M fura-2 (acetoxymethyl ester; Molecular Probes). The loaded cells were then washed two times with HBSS containing 1 mM MgCl 2 and 10 mM glucose (with or without 2 mM Ca2 +) and incubated an additional 60 min prior to determinations of intraneuronal calcium levels. The cultures were imaged with an intensified charged-coupled device camera (Quantex). A Quantex imaging system with QFM software was used to acquire and process the images. Intraneuronal Ca2 + levels were determined from the ratio of the fluorescence emission using two different excitation wavelengths (350 and 380 nm). Background fluorescence (background images were taken from regions of culture dish not containing cells) was subtracted from the cell image at each wavelength. The system was calibrated according to the procedures of Grynkiewicz et al. (1985) using the following formula: 
RESULTS
Effects of FeS04 and ascorbate on neuronal survival
Iron caused a dose-dependent reduction in neu ronal survival in rat hippocampal cultures during a 3 h exposure period ( Fig. I) . Essentially all neurons were severely damaged in cultures exposed to 100 f.LM FeS04, whereas �45% were damaged in paral lel cultures exposed to 10 f.LM FeS04, and few neu rons were damaged in cultures exposed to 1 f.LM FeS04. However, more prolonged exposure to 1 f.LM iron (6-24 h) did not cause significant neuronal damage (data not shown). Ascorbate alone (1 mM) did not cause neuronal damage during a 3 h expo sure period ( Fig. I) . However, the presence of ascorbate significantly potentiated iron-induced neuronal damage. The dose-response curve for iron-induced damage was shifted to the left by ap proximately an order of magnitude such that 10 f.LM FeS04 in the presence of ascorbate damaged essen tially all neurons. Neuronal damage caused by iron was characterized by neurite fr agmentation and vacuolation of somata ( Fig. 2 ). Iron (1-100 f.LM) was also neurotoxic in cultured human fetal cerebral cortical neurons (data not shown; cf. Fig. 6 ).
Desferal prevents FeS04-induced neuronal damage
The iron chelator desferal (Keberle, 1964) was employed in order to determine whether the neuro nal damage caused by FeS04 was due to ionic iron. Exposure of cultures to 1 f.LM FeS04 plus 1 mM ascorbate resulted in damage to 50% of the neurons during a 3 hr exposure period. Coincubation with 100 f.LM desferal completely prevented the FeS04induced neuronal damage (Fig. 3) , and the genera tion of oxygen radical (data not shown), indicating that the damage was caused by ionic iron-mediated fe nton chemistry.
Iron causes oxygen radical fo rmation in cell culture
Oxygen radical formation in cultured brain cells was assessed by quantifying the release of 2,3-and 2,5-DHBA from salicylate into culture medium (Floyd et aI., 1986) . Iron caused a time-dependent increase in oxygen radical production in cortical cell cultures (Fig. 4) . These data suggest the in volvement of oxygen radicals in the damage to neu rons described above.
Basic FGF, NGF, and IGFs protect neurons against
FeS04-induced damage Previous findings indicated that growth factors can protect CNS neurons against excitotoxicl ischemic insults (Mattson et aI., 1989; Cheng and Mattson, 1991; Shigeno et aI., 1991; Cheng and Mattson, 1992a) . Our previous work in rat hippo campal cultures established the concentrations of bFGF, NGF, IGF-I, and IGF-II that were effective in protecting neurons against hypoglycemic and hypoxic damage Mattson, 1991, 1992a; Mattson and Cheng, 1992) . We therefore chose a concentration of the growth factors 00 ng/ml) that provided a maximal protective effect in the previ ous studies. Hippocampal cultures were preincu bated for 24 h with 10 ng/ml of bFGF, NGF, or IGF-II and were then exposed to 100 f..L M FeS04 for 3 h. All three growth factors afforded highly signif icant protection against iron-induced neuronal dam age ( Fig. 5A ). IGF-I also reduced the neuronal dam- age caused by iron (neuronal survival 3 h following exposure to 100 f..L M iron was 4.3 ± 1.4%, and sur vival in parallel cultures pretreated for 24 h with 10 ng/ml of IGF-I was 32 ± 6.2%; mean ± SD, n = 4). The growth factors also prevented the damage caused by iron plus ascorbate. For example, whereas nearly 80% of neurons were damaged in cultures exposed to 1 f..L M FeS04 plus 1 mM ascor bate, only 25% of the neurons were damaged in parallel cultures that had been pretreated with bFGF ( Fig. 5B ). NGF and IGFs also provided sig nificant protection against the toxicity of iron plus ascorbate, whereas EGF (10 ng/ml) did not protect -;:
.. concentration (1 J-LM) also caused marked neuronal damage during a 3 day exposure period (Fig. 6 ). Basic FGF, NGF, and IGF-II significantly in creased neuronal survival in cultures of human cor tical cells exposed to iron. Whereas essentially all cortical neurons were killed during a 3 day exposure to 1 J-LM FeS04, approximately 60% of the initial number of neurons survived in parallel cultures that had been pretreated for 24 h with 10 ng/ml of bFGF prior to exposure to iron (Fig. 6 ). Highly significant neuroprotection was also observed in human corti cal cultures that were pretreated with 10 ng/ml of either NGF or IGF-II (Fig. 6 ).
Interactions of iron and calcium in neuronal degeneration
A loss of cellular calcium homeostasis resulting from overactivation of excitatory amino acid recep tors contributes to ischemic neuronal damage (Siesjo and Bengston, 1989; Cheng and Mattson, 1992a) . In order to determine whether FeS04induced neuronal damage involved excessive cal cium influx, we incubated hippocampal cells under conditions in which calcium influx could not occur (in the absence of extracellular Ca2+). Exposure to iron resulted in essentially similar levels of neuronal damage in cultures incubated in either the presence (2 mM CaCI 2 ) or absence (0 CaCl 2 plus 1 mM EGTA) of extracellular Ca2+ (Fig. 7A) . A progres- sive increase in [Ca2+]j was observed in neurons exposed to iron in the presence of extracellular cal cium such that intracellular calcium levels were el evated twofold above pretreatment levels after 3 h of exposure to iron (Fig. 7B ). The twofold elevation in [Ca2+]j caused by iron was considerably less than the four-to fivefold elevation of [Ca2+]j caused by 500 j.1 M glutamate (Fig. 7B) . In order to determine whether endogenous iron might play a role in calcium-induced neuronal dam age, we determined whether desferal would modify neuronal damage induced by the calcium ionophore A23187. Essentially all neurons were severely dam aged during a 3 h exposure to 1 j.1 M A23187 in the presence of 2 mM extracellular calcium (Fig. 8) . Desferal (100 j.1 M) did not protect neurons against A23187-induced damage, suggesting that elevated [Ca2+]j could damage cell independently of an iron mediated events.
Activation of NMDA receptors is involved in iron neurotoxicity
Activation of glutamate receptors has been impli cated in the pathogenesis of several neurodegener ative conditions that also involve oxidative damage (Choi, 1988) . We therefore examined the effects of several glutamate receptor antagonists on iron neu rotoxicity in the hippocampal cell cultures. The broad-spectrum glutamate receptor antagonist DGG (1 mM) and the NMDA receptor-selective an tagonist APV (200 j.1 M) each afforded significant protection against the neuronal injury caused by 50 j.1M iron (Fig. 9 ). On the other hand, the AMP AI kainate receptor-selective antagonist CNQX (200 j.1 M) did not protect neurons against iron neurotox- icity. However, removal of extracellular calcium did not protect against iron-induced damage, sug gesting that the NMDA receptor-mediated compo nent of the iron neurotoxicity did not require cal cium influx across the plasma membrane. Since the vast majority of data indicate that NMDA neuro toxicity involves an elevation of [Ca2+]j, we deter mined whether iron affected [Ca2+]j in the absence of extracellular calcium. Hippocampal cells were exposed to 50 j.LM iron in culture medium contain ing either 2 mM Ca2+ or no Ca2+ (0 Ca2+ plus 1 mM EGTA) , and the [Ca2+]j was determined in neurons 2 h later. The [Ca2+]j in untreated control cultures incubated in the presence of 2 mM Ca2+ was 86 ± 20.2 (mean ± SD, n = 18). The [Ca2+]j in cultures exposed to iron in the presence of 2 mM Ca2+ was 212 ± 64.0 (mean ± SD, n = 15; p < 0.0001 compared to the control value; analysis of variance followed by Dunnett's test). The [Ca2+]j in cultures exposed to iron in the absence of Ca2+ was 128 ± 29.2 (mean ± SD, n = 16; P < 0.001 com pared to control and p < 0.001 compared to value for cells exposed to iron in the presence of Ca2+; analysis of variance followed by Dunnett's test). Thus, iron caused a small but significant rise in [Ca2+]j even in the absence of extracellular Ca2+ presumably due to release of Ca2+ from internal stores.
DISCUSSION
Altered calcium homeostasis and free radical induced processes are two of the major mechanisms J Cereb Blood Flow Me/ab, Vol. 13, No.3, 1993 contributing to ischemic/toxic neuronal injury. Pre vious data indicated that growth factors including bFGF, NGF, and IGFs can protect neurons against loss of calcium homeostasis resulting from excito toxic/ischemic insults (Mattson et aI., 1989; Mattson, 1991, 1992a; Shigeno et aI., 1991; Knozaki et aI., 1992) . The data of the present study provide evidence that bFGF, NGF, and IGFs can also protect neurons against metal-catalyzed oxida tive damage. Iron is known to catalyze the peroxi dation of lipids and the oxidation of proteins (Bucher et aI., 1983; Halliwell, 1987; Watson and Ginsberg, 1989) , and accumulating data indicate a role for iron in the neuronal damage of stroke and traumatic brain injury (Willmore et aI., 1982) . The neuroprotective effect of bFGF, NGF, and IGFs against iron-induced neuronal damage demon strated in the present study therefore indicates that these growth factors may normally protect neurons against oxidative damage. In addition, our data sug gest that these growth factors have potential as therapeutic agents in treating ischemic brain injury.
The data indicate that the damage to neurons caused by FeS04 was due to ionic iron acting via the established mechanism involving catalysis of lipid, and protein oxidation. Thus, the iron chelating agent desferal prevented, and ascorbate potentiated, FeS04-induced damage. Desferal was previously shown to protect myocardial cells from ischemia and reperfusion injury (Van laarsveld et aI., 1992) , and desferal also protected against cold induced brain edema (Ikeda et al., 1989) . Ascorbate was previously shown to potentiate iron-induced cellular injury (Halliwell and Gutteridge, 1984) . Ascorbate alone was not neurotoxic over the rela tively short time course of neuronal injury caused by FeS04 in the present study. Longer exposures to ascorbate alone, however, may cause neuronal damage (Hisanaga et al., 1992) . It was recently re ported that ferrous iron is neurotoxic for cultured mesencephalic dopaminergic neurons in cell culture (Michel et aI., 1992) . Our data indicate that both rat hippocampal and human cortical neurons are also vulnerable to iron. In general, the characteristics of iron-induced damage were similar in neurons from the different brain regions, although we found that neurotoxicity in the rat hippocampal neurons oc curred with Fe2+ concentrations of 10-100 j.LM, whereas Michel et aI. (1992) found that higher con centrations (l00 to 500 j.LM) were required to dam age mesencephalic neurons. This difference may represent differential vulnerability of neurons from different brain regions, or it may reflect the differ en � es in methods of assessing neuronal damage. Mlchel et al. (1992) used a reduction in dopamine uptake as an indicator of neuronal damage, whereas we used morphological criteria to assess cell dam age in the present study. We observed that the time course of iron-induced damage was more protracted in cultured human cortical neurons compared to rat cortical or hippocampal neurons, suggesting that the human neurons are more resistant to iron induced damage. We previously reported that hu man neurons are also more resistant to ischemic/ excitotoxic insults . The basis for the greater resistance of human neurons to ischemic injury and iron-induced damage is not clear but may involve differences in antioxidant status, a possibility now being exam ined.
Contributing to the cell damage that occurs in ischemia and traumatic brain injury is the break down of the cellular barrier between blood and brain parenchyma. Iron derived from blood and/or released from iron-binding proteins in cells during ischemia may contribute to neuronal damage by catalyzing lipid peroxidation and protein oxidation. Indeed, iron chelators can reduce neuronal damage to ischemic tissue (Ambrosio et al., 1987; Van Jaarsveld et al., 1992) , and the spin-trapping com pound N-t-butylphenylnitrone (PBN) reduced the increase in oxidized protein that otherwise resulted from ischemia in gerbils (Oliver et al. , 1990) . Our data demonstrate the neurotoxicity of iron in neu rons from hippocampus, a brain region that is par ticularly vulnerable to ischemic damage. In addi tion, human cortical neurons were vulnerable to iron. Taken together, these data are consistent with a role for iron in the neuronal damage that occurs in stroke in humans.
In addition to its probable role in the neuronal damage that occurs in ischemia and traumatic brain injury, iron may also contribute to the demise of neurons in chronic neurodegenerative disorders. In creased levels of iron have been reported to be present in neurons in Alzheimer disease hippocam pal and cortical neurofibrillary tangles (Good et al., 1992) , and in dopaminergic neurons in the substan tia nigra in Parkinson disease (Dexter et al., 1989a) ; an increase in lipid peroxidation was present in the substantia nigra in Parkinson disease (Dexter et al., 1989b) . Interestingly, there was a reduction in an tioxidant status in the brains of aged individuals and individuals with Alzheimer disease, and the reduc tions were observed primarily in brain regions se lectively vulnerable in aging and Alzheimer disease (Smith et al., 1991) . Moreover, we recently re ported that there is an age-related increase in pro tein oxidation in gerbil cerebral cortex, which can be prevented by PBN . PBN also prevented the decline in performance in learn ing and memory tasks . Further evidence supporting the involvement of ischemic/ excitotoxic insults in the pathogenesis of Alzheimer disease comes from studies demonstrating that ex citatory amino acids and hypoglycemia can elicit antigenic changes in hippocampal neurons similar to those seen in the neurofibrillary tangles of Alz heimer disease (Cheng and Mattson, 1992b; Matt son 1992) .
Both a loss of cellular calcium homeostasis (Siesj6 and Bengtsson, 1989; Mattson, 1992) and oxidative damage (Halliwell, 1987) are likely to con tribute to neuronal degeneration and death in stroke. The results of the present and previous stud ies indicate that damage to neurons caused by ele vated [Ca2+]j and iron-mediated events are inti mately related. Monyer et al. (1990) recently re ported that iron neurotoxicity in cultured cortical neurons involves an excitotoxic component medi ated by activation of the NMDA type of glutamate receptor. We confirmed and extended their finding in the present study. The NMDA receptor-selective antagonist APV did and the AMP Alkainate recep tor-selective antagonist CNQX did not protect neu rons against iron neurotoxicity. Although Ca2 + in flux through plasma membrane channels was not required for iron to kill neurons, we nevertheless found that iron caused a significant elevation of [Ca2+t in neurons incubated in the absence of extracellular Ca2 +. Presumably, this [Ca2 +]j rise resulted from Ca2+ release from internal stores. Previous findings indicated that Ca2 + released from internal stores can contribute to NMDA neu rotoxicity (Frandsen and Schousboe, 1991) , and our data are consistent with a role for Ca2 + release from internal stores in iron neurotoxicity. On the other hand, whereas desferal protected neurons against the damaging effects of iron, it did not protect neu rons against calcium ionophore-induced damage. These findings suggest that Ca2+ can damage neu rons independently of iron-mediated events. Taken together, the data suggest that Ca2+ and iron each have considerable neurodestructive potential and that both loss of calcium homeostasis and oxidative damage play major roles in neuronal injury in exci totoxic/ischemic conditions. bFGF, NGF, and IGFs are all produced by cells in the brain. Both neurons and astrocytes produce bFGF (pettman et al. , 1986; Mattson and Rychlik, 1990a) and NGF (Houlgatte et al., 1989; Lu et al., 1989) . bFGF seems to be present in essentially all brain regions, whereas NGF may have a more lim ited distribution. IGFs are widely distributed in brain with IGF-I and IGF-II having somewhat dif-ferent patterns of distribution (Rotwein et aI., 1988) . Receptors for bFGF (Wanaka et aI., 1990) and IGF II (Lesniak et aI., 1988) are expressed in hippocam pal neurons in vivo. In contrast, the 75 kDa low affinity NGF receptor (Berg et aI., 1991) is sparse or absent in hippocampal neurons in vivo (Lu et aI., 1989) , but is expressed at a high level in cultured embryonic hippocampal neurons (Cheng and Matt son, 1991; Smith-Swintosky and Mattson, 1992) . In addition, the trkA proto-oncogene product, which is now known to be a high-affinity NGF receptor (Kaplan et aI., 1991) , may be expressed in hippo campal neurons (Smith-Swintosky and Mattson, 1992) . We previously reported that bFGF, NGF, and IGFs can protect rat hippocampal neurons against hypoglycemic damage; these growth factors prevented the loss of neuronal calcium homeostasis that mediates hypoglycemic damage Mattson, 1991, 1992a) .
In addition to the ability of exogenous growth factors to protect neurons against ischemic damage, considerable data suggest that endogenous growth factors normally play neuroprotective roles. For ex ample, the expression of several growth factors in cluding FGF (Finkle stein et aI., 1988) is increased in response to brain injury. Data also indicate that as trocyte-derived bFGF can protect neurons against excitotoxicity in hippocampal cell cultures (Matt son and Rychlik, 1990a) . In this regard, it is impor tant to note that the experiments of the present study were carried out in cultures of low cell den sity, a circumstance that favors the demonstration of a neuroprotective effect of exogenous growth factors due to the low concentration of endogenous growth factors.
The mechanism whereby bFGF, NGF, and IGFs protect against iron-induced neuronal injury is not clear. Since iron neurotoxicity seems to involve an excitotoxic!calcium-destabilizing component, the ability of the growth factors to stabilize [Ca2+]j probablY contributes to their ability to protect neu rons from damage by iron. It may also be the case that the growth factors affect steps in the process of metal-catalyzed oxidation. The growth factors might prevent lipid peroxidation and protein oxida tion that iron is known to cause. Previous work in cell culture and in vivo indicated that growth factors can protect cells against free radical-mediated dam age. For example, NGF-treated neuroblastoma cells are more resistant to 6-hydroxydopamine tox icity (Tiffany-Castiglioni and Perez-Polo, 1981) and hydrogen peroxide-induced damage (Jackson et aI., 1990) . More recently, it was reported that brain derived neurotrophic factor (BDNF) protected cul tured nigral dopaminergic neurons against 6-hy-J Cereb Blood Flow Metab, Vol. 13, No. 3, 1993 droxydopamine and N-methyl-4-phenylpyridinium toxicity (Spina et aI., 1992) . BDNF increased the activity of glutathione reductase, which suggests that growth factors can increase the levels of en dogenous free radical-detoxifying systems. Indeed, a recent study showed that NGF infusion in vivo can increase superoxide dis mutase and glutathione peroxidase activities in the brains of aged rats (Nis tico et aI., 1992) . It should also be considered that growth factors might affect steps prior to the for mation of free radicals. Recent data suggest that several growth factors including bFGF and NGF can prevent the loss of mitochondrial function in neurons normally caused by glucose deprivation (Mattson et aI., 1993) . Since mitochondria are par ticularly vulnerable to iron-induced damage (Van Jaarsveld et aI., 1992) , it is reasonable to consider that preservation of mitochondrial function may prevent neuronal damage and death. These growth factors can also protect neurons against injury in duced by mitochondrial poisons such as cyanide and 2,4-dinitrophenol (Mattson and Cheng, 1992) .
